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© Interferometer. 



© An an all optical fibre interferometer is formed 
from an optical fibre Mach-Zehnder interferometer 
(25) whose output ports (18,20) are coupled by an 
optical fibre loop (20) which relaunciies any optical 
signal output from eittier of the output ports (18.20) 
into a respective one of the output ports (20,18). A 
piezo-electric stretcher 26 is used to adjust the 
length of the arm (22) relative to the other arm (24) 
in response to a measurand. The interferometer out- 
puts at port 1 an intereference signal dependant on 
the relative optical path length ofthe .anns (22.24) 
allowing a measurand to be monitored via the same 
•-port 1 as the input optical signal I'" is coupled. This 
fallows remote sensing via a single optical fibre coup- 
Ojled to port 1. The interferometer also finds applica- 
^tion as a reflection modulator as a variable reflectiv- 
"^Ity mirror and Q-swltch for a fibre laser. 
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INTERFEROMETER 



This invention relates to interferometers. 

One well known interferometer is the Mach- 
Zehnder interferometer in which an optical splitter 
splits an optical singal into two portions which 
propagate along distinct optical paths to an optical 
combiner. The relative phase difference between 
the two portions at the combiner can be monitored 
by allowing them to interfere and nneasurlng the 
intensity of the resultant optical signal. The relative 
phase difference depends on the difference be- 
tween the two optical path lengths. Such an inter- 
ferometer can be used as a sensor or as a modula- 
tor by including means for altering the difference in 
optical path length between the two arms in re- 
sponse to a change in a measurand or modulating 
signal. An example is disclosed in a review article 
entitled "Optical Rbre Sensor Technology." lEE 
Transactions on Microwave Theory and Techniques 
Vol MTT-30 No.4 April 1982 pp473 - 480 by Gial- 
lorenzi et al. 

A disadvantage of l<nown Mach-Zehnder inter- 
ferometers when used as sensors is that the inter- 
fering portions have to be monitored at an output 
port which is seperated from the input port, tf it is 
necessary to monitor the condition of interfero- 
meter from a distance an optical waveguide, for 
example an optical fibre, needs to be coupled to 
the output to allow propagation of the optical por- 
tions back to the monitor. This can involve large 
amounts of fibre if the sensor is positioned re- 
motely. 

In this specification the term "optical" is in- 
tended to refer to that part of the electromagnetic 
spectrum which is generally known as the visible 
region together with those parts of the infra-red and 
ultraviolet regions at each end of the visible region 
which are capable for example of being transmitted 
by dielectric optical waveguides such as optical 
fibres. 

According to the present invention an inter- 
ferometer comprises an optical splitter having at 
least one input port and two optical splitter output 
ports; an optical combiner having two optical com- 
biner input ports and two outputs ports; a first and 
a second optical arm each optically coupling a 
respective one of optical splitter output ports with 
one of the optical combiner input ports; and an 
adjustment means for changing the optical path 
length of one arm relative to the other; charac- 
terised in including relaunching means for relaun- 
ching any optical signal output from either of the 
combiner output ports into a respective one of the 
combiner output ports. 

The signals exiting the combiner output ports 
which are produced as a result of an input signal 



being launched into an input port of the optical 
splitter (as in known Mach-Zehnder interfero- 
meters) will be relaunched into the optical com- 
biner output ports and will thereby undergo a sec- 
5 ond transit through the Mach-Zehnder portion of 
the interferometer. 

The optical splitter now acts as an optical com- 
biner for the optical signals that have propagated 
back along the interferometer arms. These signals 

TO interfere. As will be explained in more detail later 
the resultant interference signal changes with the 
relative optical path length of the two arms but in 
this case the interference signal leaves the inter- 
ferometer from the input port into which the original 

fs input optical signal was coupled can be monitored. 

The reflected signal can therefore propagate 
back to the monitor station along the same optical 
waveguide which supplies the optical signal to the 
optical splitter. That part of the signal emerging 

20 from the input port into which the input signal was 
launched is by convention termed the reflected 
signal, and that emerging from the other input port 
if there is one (for example when the splitter is a 
four port fused fibre coupler) is termed the trans- 

25 mitted signal. 

The Mach-Zehnder portion of the interfero- 
meter may be formed from bulk optic components 
comprising a first and a second tjeam splitter, and 
a first and a second mirror in known manner. Light 

30 entering the device is split into a first and a second 
portion by the first beam splitter. The portions each 
follow a separate optical path to the optical com- 
biner, for example one defined by the first and 
second mirror respectively, the other being a 

35 straight optical path, where they recombine to pro- 
duce first and second output interference signals at 
a first and second output port. 

The relaunching means of the present inven- 
tion used with such a bulk optic Mach-Zehnder 

40 interferometer may comprise two mirrors posi- 
tioned such that the output signal from the first 
output port of the Mach-Zehnder interferometer is 
incident on a third minror, and then on a fourth 
mirror and finally is relaunched into the Mach- 

45 Zehnder interferometer via the second input port. 
An output signal from the second input port will be 
incident on first the second mirror and then onthe 
first mirror to be relaunched into the Mach-Zehnder ■ 
interferometer via the ftrst input port. Alternatively 

50 the third and fourth mirrors may be arranged to 
relaunch light from each output back into the same 
output. 

A particularly convenient form of the interfero- 
meter is formed by a pair of 4-port optical couplers 
optically coupled by a pair of optical waveguides, 
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for example optical fibres, whcih constitute the op- 
tical arms, the means for relaunching comprising a 
looped optical waveguide formed between the first 
and second output ports of the Mach-Zehnder in- 
terferometer. Such a device may be formed from a 
single length of fibre, is robust and does not suffer 
from any of the alignment problems which would 
be incurred if the device were made either entirely, 
or partially from bulk optics. 

The present invention may also be formed 
from planar waveguides, for example formed in a 
LINbOs substrate. In such an embodiment the op- 
tical splitter may have a single input. 

The device is employable as a sensor by ar- 
ranging for the adjustment means to be sensitive to 
the quantity to be measured, for example by me- 
chanical stretching due to incident vibrations or by 
an electro-optical effect. 

It will be appreciated that the invention is ap- 
plicable to Mach-Zehnder interferometers in gen- 
eral and is not limited to specific types of splitters, 
combiners or relaunching means nor specific ad- 
justment means for changing the optical path 
length of one arm relative to the other that may be 
mentioned by way of specific example. 

The present invention can find applications oth- 
er than as a sensor by using of the property that 
the reflected signal can be modulated by the ad- 
justment means. For example, the interferometer 
can be used as a variable output reflector for, or to 
provide Q-switched operation of a fibre laser. 

Embodiments of the invention will now be de- 
scribed by way of example only with reference to 
the following diagrams in which: 

Figure 1 is a schematic representation of an 
optical fibre interferometer according to the present 
invention: 

Rgure 2 is a schematic representation of a 
bulk optical interferometer according to the present 
invention; 

Figure 3 is a schematic representation of an 
experimental arrangement used to characterise the 
embodiment of Figure 1 ; 

Rgure 4 is a graph of transmitted and re- 
flected output intensity of the embodiment of Rg- 
ure 3: and 

Figure 5 is a schematic representation of a 
fibre laser having an interferometer according to 
the present invention as one of the laser mirrors. 

Referring to Figure 1 an optical fibre inter- 
ferometer comprises an optical splitter 3 having 
input ports 1 and 2 and optical splitter output ports 
8 and 10. an optical combiner 12 having optical 
combiner input ports 14 and 16 and output ports 
18 and 20, the pairs of ports 8 and 14. and 10 and 
16 being optically coupled by arms 22 and 24 
respectively to form a Mach-Zehnder interfero- 
meter 25. and ports 18 and 20 coupled by the loop 



26 constituting the relaunching means. The device 
was formed from a single, single-mode optical fi- 
bre, the splitter 3 and combiner 12 being fused 
tapered couplers made in known manner. Other 

5 couplers may be employed, for example polished 
optical couplers or optical waveguide couplers if 
the invention is implemented for example in a 
LiNb03 substrate. 

A piezo-electric stretcher 27 can be actuated to 

10 change the optical path length of one arm 22 
relative to the other 24. Other devices capable of 
so changing the relative optical path length of the 
arms 22 and 24 may be used instead. 

Referring to Figure 2. the bulk optics equivalent 

IS to figure 1 is shown, equivalent features being 
indicated by the same numerals primed. An optical 
splitter and combiner 3'. 12* are formed by half 
mirror beam splitters, the arms 22' and 24 being 
defined by full mirrors 22'a and 24'a and loop 26 

20 by full mirrors 26'a and 28'b. The optical path 
length is adjustable by means of the movable 
prism 28'. 

A methodology for setting up equations to de- 
scribe optical fibre interferometers of arbitrary com- 
as plexity, which involve directional couplers, has 
been described in an article by P.Urquhart. Applied 
Optics Vol 26 (1987) 456. Using this approach, a 
set of linear equations can be set up which estab- 
lishes the relationships between the components of 

30 the complex electric field propagating in both direc- 
tions at the points of the device which are imme- 
diately adjacent to the couplers. There are as many 
equations as there are unknown quantities, which in 
the present case is sixteen. This formalism gives 

35 the same results as the method which relies on 
summation of field components which describe the 
various pathways through the structure but is more 
suitable for use with complicated structures, in 
analysing the interferometer of the present inven- 

40 tion it is assumed that the state of polarisation 
remains constant throughout the device. In practice 
it was found that polarisation control was neces- 
sary. This can be achieved by any one of the 
following: (a) appropriate adjustment of the lie of 

46 the optical fibre, (b) using polarisation controllers, 
c) using polarising maintaining fibres and polarisa- 
tion couplers: 

It is assurned Ki and yi the intensity cou- 
pling ratio and the cbupling loss respectively, of the 

50 splitter 2 and combiner 12, where, i = 1 or 2 for the 
fibre couplers constituting the splitter and combiner 
respectively. The lengths of the arms 22 and 24 
and loop 20 are li. la and I3. The (field) loss and 
propagation constant are a and fi, respectively. /S is 

55 given by 

j9 = 2-nnJ\ (1) 

where ng is the effective fibre refractive index and x 
is the free space wavelength. 
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When solved simultaneously the initial equa- 
tions give solutions for the outputs at ports 1 and 2. 
The field solutions are multiplied by their own 
complex conjugates to give two corresponding out- 
put intensities. These can be described by a single 
equation in which the constants take on one of two 
forms, depending on which output port is being 
considered. The intensity response function may 
be expressed as 

f? "VII" = [{A, + Bi + Ci)2-4Ai(Bi + C,)sin2(6/2)- 

4B,Ci5in2(5)]exp(-2ol3). (2) 

where S is the phase difference between the two 

arms of lengths li and I2. and is given by 

« = /3(lt - 12). (3) 

The constants are given by Aj, B; and C| in 
which i = 1 , 2 depending upon whether the output 
is from port 1 or 2. 
Ai = nti exp (-a(li + I2)) (4) 
B, = rz (l-K,)(l-Ti)exp(-2al,) (5) 
Ci = .{r2K,)(l-Ti)exp(-2al2) (6) 
A2 = tit2exp(-a(li + Iz)}. (7) 
B2 = - r,r2exp(-2al,)/2 (8) 
C2 = r,r2exp(-2al2)/2 (9) 

The amplitude transmissivity and reflectivity 
terms that would apply to a loop reflector made 
from zero loss fibre with coupling ratio Ki and 
coupling loss yi have been identified in the analysis 
and are given by n and t). respectively. These 
ternns are given by the following equations: 
n = 2K."2(i-K,)"2(i..yi). (10) 
t, = (1-2Ki) (11) 

When the optical path lengths of the arms U 
and I2 are equal, 5 is zero and equation (2) be- 
comes 

lf?"'/ir = (Ai + B, + Ci)2exp(-2al3). (12) 
Equation (12) is an invariant function with respect 
to 5; that is light is merely split unequally between 
the two ports. The device is then showing loop 
reflector characteristics. 

Consider now that both couplers have coupling 
ratios of 1/2. TTie ou^ut then takes on the following 
simple form. 

Iff "Vlj" = ((B, + C,)2 - 4B,CiSin2(5)]exp(-2al3) (1 3) 
It is noteworthy that t| has a small value even 
when K Is approximately, but not exactly, equal to 
1/2. It can thus be seen from equations (4) and (7) 
Vhat Ai and A2 are approximately zero. Conse- 
quently, we would expect that equation (13) would 
apply to a good approximation even when the 
couplers do not have a splitting ratio of exactly 
50:50. Such insensitivity to an important compo- 
nent value is to be seen as a desirable feature of 
the present invention. A further feature of equation 
(1 3) is that we can easily see the effect of losses in 
arms 22. 24 and loop 20, which could arise from 
making the device from splicing two couplers to- 
gether in three positions. The length-loss products 
all. which appear in equations (4) to (9) and (13) 



can be multiplied by an appropriate scaling factor. 
The discrete splice loss is thus replaced by an 
equivalent distributed loss in the arm of length h. 
As can be seen from the constants B| and Ci in 
5 equation (13), the effect of splice losses is to bring 
about a small reduction in both the peak output 
intensity and the depth of modulation. 

In the situation where the losses of the fibre 
and both couplers take on the low values of frac- 

70 tions of a dB. which are routinely achievable in 
practice the intensity equations can be written to a 
good approximation in the following form: 
1^ "Vlj" = sin2(a), t = 1 . = cos2{5), i = 2. (14) 
Equation (14) shows that, as required by conserva- 

15 tion of energy, the sum of the outputs from the two 
ports is unity. It can also be seen from equation 
(14) that when low loss components are used in 
conjunction with 50:50 couplers, the light output 
from the two ports is determined only by the rela- 

20 tive phase change. 5 associated with the transits in 
the two arms. 5 depends upon the difference in the 
optical path length of the two arms 22 and 24. (h- 
I2) and on the propagation constant. 0. Thus in 
order to bring about a variation in 5 and hence a 

25 change in the output intensity of the two arms 
either or (I1-I2) must be varied. There are several 
ways can be achieved in practice. The fibre may 
be stretched along its length or a temperature 
change made to one of the fibres. Alternatively, the 

30 wavelength of the light launched into the inter- 
ferometer can be adjusted. The present invention is 
therefore useful as a sensor or reflection modulator. 

The experimental arrangement used to exam- 
ine the performance of the embodiment of the 

35 present invention shown in Figure 1 is illustrated in 
Rgure 3, in which the entire device is made from 
standard single mode telecommunications-type op- 
tical fibre with fused-tapered couplers. Those ele- 
ments in common with -the Figure 1 embodiment 

40 are referenced by the same numerals. The tech- 
nique adopted to scan the relative phase differ- 
ence. 5, was to launch light of a constant 
wavelength into port 1 and to vary periodically ttie 
length of the fibre in arm 22 with the piezo-electric 

45 stretcher 27. "ITius stretching the device applied a 
constant phase shift linearly related to an applied 
voltage ramp, which was in turn synchronised to 
the timebase of an oscilloscope (not shown). Time 
therefore becomes directly proportional to the 

50 phase difference, 5. 

An InQaAsP external cavity semiconductor di- 
ode laser 30 which had a measured operating 
wavelength of 1.53374um was used to provide the 
input signal. An optical isolator (not shown) pre- 
ss vented' laser instabilities due to reflected signals, A 
third directional coupler 32 was spliced to the input 
port 1. The launched, transmitted and reflected 
signals were monitored by positioning detectors 
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D1-D3 at three locations connected to a high reso- 
lution oscilloscope (not shown). Values of the 
lengths li . Iz and I3 of the arms 22 and 24 and the 
loop 26 was O.aSm. 0.95m and 1.10m respectively. 
The fused couplers were designed to be 50:50 at 
1550 nm. Their measured coupling ratios at the 
operating wavelength were K)'=K2 =0.52±0.01. Both 
couplers had excess losses of about 0.05 to 0.1 
dB. The coupler 32 had a splitting ratio of 0.55. 

The experimentally measured transmitted and 
reflected output intensities from ports 2 and 1, 
respectively, are plotted as a function of relative 
phase change, 5. in figure 4. As can be seen, the 
traces correspond closely to the sin^ and cos^ 
responses required by equation (14). Four cycles 
of the curves are shown. Even when observation 
was made over a larger number of periods there 
was no evidence of the higher frequency. sin2(5/2) 
component indicated in equation (2). This is to be 
expected because A|, as given by equations (4) 
and (7). is small when Ki-1/2. The peak values of 
the measured transmitted and reflected intensities 
were 0.53 I'" and 0.26 I*", respectively, where l'" is 
the launched intensity from the laser. The reflected 
peai< intensities are lower in magnitude as they had 
to pass through the input coupler twice before 
detection. The measured values compared well 
with the expected values of 0.55 I'" and 0.248 r" for 
the transmitted and reflected signals, respectively. 
As can be seen from figure 4 there was a low level 
of unmodulated signal. The unmodulated through- 
put was measured to be no more than 0.026 I'", 
indicating that despite the fact that couplers 3 and 
12 were not exactly 50:50, a good depth of modu- 
lation could be achieved. As discussed above this 
is consistent with the expectation that the response 
should be reasonably insensitive to non-optical 
coupling ratios and the presence of small excess 
losses. 

From the calculated variation of output power 
with respect to phase it has shown that a variety of 
output responses is possible. Two responses are of 
particular interest. When the two constituent arms 
are of. equal optical length the device acts as 
frequency independent reflector. When both of the 
direction couplers have a coupling ratio of 50% the 
dependence of output power from tiie two ports on 
the relative phase difference, S, of the signals in the 
two arms are given simply by s\n^{S) and cos^S). A 
relative phase variation can be brought about by a 
variety of means which means are well known in 
tiie art of Mach-Zehnder sensor technology, and 
modulation is thus possible over the full range of 
power levels. The experiment confirmed that by 
elongating one of the arms by a few microns the 
sin2(6) and cos2(6) response predicted by the cal- 
culations. An important strength of the present in- 
vention is that nearly full modulation is obtained 



even when non-optimal 50% couplers are used. 

Because the reflection modulation depends on 
a relative phase difference between the two arms 
of the interferometer, the frequency of oscillation 

5 can be as great as the modulation of the phase in 
one arm. This is a significant advantage over a 
single optical fibre loop Sagnac reflector in which 
reflection modulation takes place by differential 
phase delays in the same (loop) path or in which 

70 the coupling ratio of the splitter is modulated to 
vary the reflected signal. 

Referring now to figure 5, an optical fibre laser 
comprises known erbium doped silica optical fibre 
34 which forms the active lasing material of a 

15 lasing cavity defined by a wavelength selective 
dichroic mirror 36 at one end of the fibre and a 
interferometer according to the present invention 
spliced to the other by fusion splice 38. It is 
pumped by Uie laser pump 40 in a known manner. 

so A controller 42 is used to control the piezo-electro 
stretcher 27 which can thereby be set to vary the 
reflectivity of the interferometer (as regards an op- 
tical signal entering at port 1 from the fibre 34). 
The present invention is of course applicable to 

25 other laser arrangements including bulk optical la- 
sers. It is known that the optimum output power of 
a laser depends on the reflectivity of its cavity 
mirrors. The present invention can be used as a 
variable reflectivity mirror to optimise the efficiency 

30 of the laser. The speed of change of the reflectivity 
also allows it to be used as a reflective modulator 
for Q-switching a laser. 

The reflected and transmitted portions of the 
input optical signal vary periodically with frequen- 

35 cy. The present application can therefore be used 
as a frequency filter, for example to select portions 
from a comb of frequencies. 



40 Claims 

1. An interferometer comprising - 

an optical splitter having at least one input port and 
two optical splitter output ports; 

45 an optical combiner having two optical combiner 
input ports and two output ports; 
a first and a second optical arm each optically 
coupling a respective one of optical splitter output 
ports with one of the optical combiner input ports; 

50 and 

an adjustment means for changing the optical path 
length of one arm relative to the other; 
characterised in including relaunching means for 
relaunching any optical signal output from either of 
55 the output ports into a respective one of the output 
ports. 

2. An interferometer as claimed in claim 1 in 
which the optical splitter and optical combiner are 
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optical waveguide couplers and the arms are op- 
tical waveguides. 

* 3rAn interferometer as claimed in claim 2 in 
which the relaunching means comprises an optical 
waveguide optically coupling the two optical com- 
biner outputs. 

4. An interferometer as claimed in claim 2. in 
which all the optical waveguides comprise optical 
fibres. 

5. An interferometer as claimed in claim 4 in 
which all the waveguides are formed from a.'Single 
optical fibre. 

6. A laser having at least one end of 'biasing 
cavity defined by an intrerferometer as claimed in 
any preceding claim. 

7. A laser as claimed in claim 6 in vyhich the 
iasing cavity comprises an optical .fibre lasing me- 
dium and the interferometer, is arf^all fibre optical 
interferometer. 
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